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 In 1949, Donald Hebb introduced the hypothesis that memory 
formation in the brain is based on activity- dependent synaptic change, where 
synapses between two cells could be strengthened if both cells are active 
simultaneously. The first identification of the Hebbian synapse in the 
mammalian brain was from entorhinal perforant pathway to dentate granule 
cells in the hippocampus (Bliss and Lomo, 1973). Brief high-frequency tetanus 
of this excitatory pathway elicited a long-lasting enhancement of synaptic 
transmission, which is now termed as long-term potentiation (LTP). Since then, 
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model for memory storage, which include input specificity, associativity, and 
cooperativity (Bliss and Collingridge, 1993; Collingridge et al., 2004; Neves et 
al., 2008). In the 40 years that have passed by from its first identification, LTP 
has been considered to be the best cellular correlate of learning and memory, 
and provided motivation to understand the detailed mechanism of synaptic 
plasticity.  
 In hippocampal Schaffer collateral to CA1 (SC-CA1) synapses, it has 
been reported there are two forms of LTP following distinct underlying 
mechanisms (in addition to an initial short-term potentiation, which is not 
considered further in this thesis), which are known as early LTP (E-LTP) and 
late LTP (L-LTP). E-LTP is induced by a single tetanus, which in some 
laboratories only lasts for 1 - 2 hr; on the other hand, L-LTP is induced by 
multiple tetani and is maintained as long as experiments are continued (Huang e
t al., 1996; Reymann and Frey, 2007; Mayford et al., 2012). The major 
mechanistic difference between two types of LTP is protein kinase A (PKA)- 
and protein synthesis- dependency, indicating E-LTP does not require the 
process of PKA and protein synthesis (Frey et al., 1993; Huang and Kandel, 199
4; Huang et al., 1996; Mayford et al., 2012). However, the concept of early- and 
late- LTP has been highly controversial because of its vague criteria. For 
example, it was suggested that a single tetanus can generate long-lasting LTP, 
which is not influenced by the PKA inhibitor, Rp-cAMPS (Bortolotto and Colli
ngridge, 2000). Moreover, LTP induced by multiple tetani at condensed time 
interval was not affected by PKA inhibition in both genetic and 
pharmacological studies, though prolonged for many hours (Nguyen and Woo, 
2003; Woo et al., 2003; Kim et al., 2010; Zhang et al., 2011). Similarly, 
compressed- multiple tetani produced stable LTP that was less sensitive to the 
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 Here, we suggest a new model to explain the mechanism of LTP that 
encompasses the previous controversial results together with new findings (Fig. 
12). According to this model, long-lasting LTP exists as two distinct forms in 
the criteria of PKA- and protein synthesis- dependency; which we refer to here 
as LTP1 and LTP2. LTP1 is induced by a single tetanus or compressed- multiple 
tetani, and does not require the process of PKA and protein synthesis. On the 
other hand, LTP2 is induced by spaced- multiple tetani, and mediated by the 
mechanism which involves both PKA and protein synthesis. In turn, as a 
potential mediator between LTP1 and LTP2, we tested calcium-permeable 
AMPA receptors (CP-AMPARs) since they are transiently expressed after LTP 
induction as well as have a powerful capability to change the intra-synaptic 
microcosm (Cull-Candy et al., 2006; Plant et al., 2006; Liu and Zukin, 2007; Gu
ire et al., 2008; Man, 2011). We found CP-AMPARs are required for the 
induction of LTP2, but not LTP1. Thus we propose that CP-AMPARs are 
positioned into synaptic site through LTP1 initiation, and that LTP2 is mediated 
by the synergistic Ca2+ influx via CP-AMPARs and NMDARs, which may be 
strong enough to promote protein synthesis.  
 To test this hypothesis, we utilized slice field recording at SC-CA1 
synapses in the adult rat hippocampus (Fig. 1). Various drug combinations were 
used to specifically antagonize the molecules we are interested in; and the 
results supported our hypothetical model, indicating stimulus parameters 
determine the role of PKA, protein synthesis, and CP-AMPARs in LTP. 
 Additionally, we investigated the reversible property of long-term 
potentiation (LTP), the phenomenon is often termed depotentiation (DP). 
Despite LTP is remarkable for its stability, it has been reported that low-
frequency stimulation (LFS, such as 2 Hz) can disrupt LTP within brief time-
periods of its induction. However, has no single paper been published to 
systematically compare the amount of DP depending on the time-delay after 
LTP induction. Furthermore, the cellular mechanism of this type of synaptic 
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 In the second chapter, we studied on the properties and mechanisms of 
DP, using the slice field recording under pharmacological manipulations (Fig. 
13). As a result, here we established the vulnerable time-points of LTP in the 
CA1 region of hippocampus, and that this LFS- induced DP is mediated by 
NMDAR (containing GluN2A and GluN2B) and protein phosphatases. 
 
Key words: hippocampal SC-CA1 synapses, long-term potentiation, stimulus 
parameters, PKA, protein synthesis, CP-AMPARs, depotentiation. 
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Introduction 
In the CA1 region of hippocampus, NMDAR- dependent LTP can be 
explained by three mechanistically different phases: induction, expression, and 
maintenance. It is well established that LTP is induced by Ca2+ influx through 
NMDA receptors, and expressed by AMPA receptor distribution and/or its 
biophysical property change; however, the maintenance of LTP remains 
relatively unknown. Here, we suggest that LTP is sustained by two disparate 
underlying mechanisms, and that stimulus parameters determine the role of 
PKA, protein synthesis, and CP-AMPARs. 
 
LTP induction: the role of NMDAR, Ca2+, and CaMKII. 
It is well established that LTP induction in SC-CA1 requires synaptic 
activation of NMDA receptors during postsynaptic depolarization (Bliss and Co
llingridge, 1993). This leads to the Ca2+ influx through the NMDA receptors, 
which is a fundamental trigger of LTP (Lynch et al., 1983; Malenka et al., 1988; 
Bliss and Collingridge, 1993) However, we still know little about the detailed 
process of this spine Ca2+ signal. Moreover, it remains unclear whether 
activation of NMDA receptor alone is sufficient to elicit a stable form of LTP (
Kauer et al., 1988; Malenka and Nicoll, 1993). 
Which intracellular signaling pathways could be activated by NMDA 
receptors and required for LTP induction? A lot of effort has been devoted to 
answer this question, and plenty of good candidates have been identified as a 
mediator or modulator for LTP. (Mediator, such as NMDAR or Ca2+, is a critical 
factor to produce LTP, whereas modulator plays a modifying, but not essential 
role for its occurrence). Though not always explicit, this classification is 
worthwhile to understand key steps in the underlying mechanism of LTP 
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It appears that calcium/calmodulin- dependent protein kinase II 
(CaMKII) functions as a mediator for NMDAR- dependent LTP. The evidence 
in support of a requisite role for CaMKII in LTP is compelling and has been 
extensively documented (Lisman et al., 2002; Coultrap and Bayer, 2012; 
Lisman et al., 2012). Postsynaptic injection of inhibitors of CaMKII, or genetic 
deletion of a crucial CaMKII subunit blocks the induction of LTP (Malenka et 
al., 1989; Malinow et al., 1989; Silva et al., 1992). Moreover, the finding that 
intracellular perfusion of constitutively active CaMKII not only enhances the 
synaptic transmission but also occludes LTP, strongly suggests an essential role 
of CaMKII in LTP induction (Lledo et al., 1995). Among other protein kinases, 
protein kinase C (PKC) has also been suggested to participate significantly in 
LTP (Hu et al., 1987; Malinow et al., 1989). Moreover, PI3K appears to be 
indispensible for a form of LTP that involves the trafficking of AMPARs to 
synapses (Man et al., 2003). Arguably, however, CaMKII seems to be the only 
protein kinase universally accepted and reproduced as an LTP mediator. 
 
LTP expression: AMPAR trafficking and its biophysical 
property modification. 
In the study of LTP, the most passionate debate was around the question 
whether the increase in synaptic strength during LTP is due primarily to 
presynaptic or postsynaptic modification, a debate that has lasted for decades. 
Strong arguments were made on both sides; however, it appears clear that a 
major mechanism for LTP expression involves increasing the number of AMPA 
receptors at synaptic sites via activity- dependent AMPAR trafficking (Lee et al.
, 2000; Shepherd and Huganir, 2007; He et al., 2009). In addition, another 
component of LTP expression involves the modification of biophysical 
properties in AMPARs via phosphorylation regulation (Benke et al., 1998; Sode
rling and Derkach, 2000). Activity- dependent AMPAR change alone has been 
intensively investigated as an avenue to understand the underlying mechanisms 




	   	   	  
10	  
nd Huganir, 2012).  
AMPAR phosphorylation has been shown to be a major event in the 
induction of synaptic plasticity; especially, Ser831 and Ser845, which are 
located in the C-terminal domain of GluA1, and were shown to be the main 
phosphorylation sites during LTP. CaMKII directly phosphorylates GluA1 at 
Ser831, which increases AMPAR conductance (Barria, 1997; Mammen et al., 1
997; Benke et al., 1998). However, CaMKII does not seem to be required for 
synaptic delivery of AMPAR receptors, although this site is phosphorylated 
during LTP (Hayashi et al., 2000; Lee et al., 2000). Protein kinase A (PKA) 
phosphorylation of GluA1 at Ser845 is another critical event in LTP. 
Intracellular perfusion of PKA resulted in a potentiation of the current and open 
channel probability of AMPA receptors. This potentiation was diminished by 
the genetic mutation of Ser845 to Ala845 (Roche et al., 1996; Banke et al., 2000
). Ser845 phosphorylation may also induce AMPAR delivery to the extra-
synaptic membrane and then to the synapse via lateral diffusion (Oh et al., 2006
; Man et al., 2007; Man, 2011). The fact that LTP was reduced in knock-in mice 
where Ser831 and Ser845 were mutated to prevent phosphorylation, strongly 
supports a role of these phosphorylation sites in LTP (Lee et al., 2000; Lee and 
Kirkwood, 2011). 
 
LTP maintenance: the role of PKA and protein synthesis. 
While much of the work on NMDAR- dependent LTP has focused on 
mechanisms responsible for the initial increase in synaptic strength during the 
first hour or so, arguably of greater interest and importance are the mechanisms 
that allow LTP to last many hours or even days. It seems that long-lasting LTP 
requires new protein synthesis and gene transcription (Nguyen et al., 1994; 
Huang et al., 1996; Mayford et al., 2012). Signaling molecules that are thought 
to link the activity of LTP induction to the nucleus, include PKA, CaMKIV, and 
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immediate early genes, such as zif268 and arc (Abraham and Williams, 2003; 
Kandel, 2012).  
Under the condition that synapses can undergo highly selective 
modifications in a vast dendritic tree, how products of translation in nucleus are 
transferred to few activated synapses has been a significant challenge. An 
intriguing explanation for this phenomenon is that the synaptic activation to 
induce LTP generates a "synaptic tag" which functions to capture plasticity-
related proteins, which in turn are required to stabilize the initial increase in 
synaptic strength. This hypothesis is widely known as ‘synaptic tagging model’, 
and has received great attention as a way to address this problem. (Frey and 
Morris, 1997; Martin and Kosik, 2002; Redondo and Morris, 2011) However, 
despite strong evidence for some types of synaptic tag, its identification and the 
mechanism by which the products of gene expression are 'captured' remains 
elusive. 
Furthermore, the brain specific PKC isoform, protein kinase Mζ 
(PKMζ), has emerged as a good candidate for persistently maintaining synaptic 
strength. Through intensive investigation on the role of PKMζ, this single 
molecule appears to be required and sufficient for LTP maintenance, since the 
inhibition of PKMζ reverses established LTP and the activation of PKMζ 
occludes LTP induction (Ling et al., 2002; Shema et al., 2007; Migues et al., 
2010; Sacktor, 2010). However, most of the evidence supporting the 
contribution of PKMζ in LTP and memory heavily relies on pharmacological 
inhibition by zeta inhibitor peptide (ZIP), a PKCζ pseudosubstrate. In genetic 
study with PKMζ knock-out mice, no deficits were identified in LTP induction 
and maintenance; moreover, ZIP still revealed its inhibitory effect on LTP in the 
KO mice, implying non-specific effects of this drug (Volk et al., 2013). 
Another possibility for the long-term maintenance of LTP is that 
synapses at which LTP has occurred undergo structural remodeling, leading to 
the synaptic weight changes (Bramham, 2008). Morphological modifications 
that have been reported to accompany LTP include growth of new dendritic 
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postsynaptic densities (PSDs) (Matsuzaki et al., 2004; Murakoshi and Yasuda, 
2012). A key element in any structural alteration in dendritic spines is the actin 
cytoskeleton, which is greatly enriched in spines. Supporting the role of actin 
cytoskeleton in maintaining LTP, several lines of evidence showed inhibitors of 
actin polymerization impaired LTP stabilization (Krucker et al., 2000; Kramár 
et al., 2006; Lynch et al., 2013).  
 
Calcium-permeable AMPAR (CP-AMPAR): its properties 
and functions in synaptic plasticity. 
The AMPAR calcium permeability is a result of genetic alteration, 
known as RNA Q/R editing (Shepherd and Huganir, 2007; Man, 2011). In all 
AMPAR GluA subunits, there exists a conserved glutamine site at the second 
trans-membrane domain that comprises the inner surface of the channel. At the 
mRNA level, this glutamine is edited into arginine, which confers AMPAR 
impermeability to Ca2+. This crucial mRNA editing selectively targets GluA2 
subunits. Although GluA2 is assembled into AMPAR complexes by default, 
GluA2-lacking (thus calcium permeable) AMPARs have been detected at many 
brain regions and synapses. Moreover, CP-AMPARs have been found to exist in 
mature neurons as well as in early developmental neurons (Wenthold et al., 199
6). It has become clear that the biogenesis and surface expression of CP-
AMPARs are dynamically regulated. More importantly, an increasing number 
of studies have observed the dynamic expression of CP-AMPARs and their 
involvement in various forms of synaptic plasticity (e.g. LTP and synaptic 
scaling), strongly indicating this minority of AMPARs can play important roles 
in synaptic regulation (Isaac et al., 2007; Man, 2011; Lee, 2012). 
At CA1 pyramidal neurons, it has been reported that LTP induction 
makes a rapid incorporation of GluA2-lacking AMPARs, which is necessary for 
the initiation and/or stabilization of LTP (Plant et al., 2006; Lu et al., 2007; Asra
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AMPAR seems transient at the early stage of activity manipulation, and is 
needed only for the induction, rather than the maintenance of synaptic plasticity 
(Plant et al., 2006; Yang et al., 2010). Furthermore, in activity-dependent 
synaptic plasticity, synaptic CP-AMPARs are recruited from the neighboring 
plasma membrane via lateral migration (Guire et al., 2008; He et al., 2009; Yan
g et al., 2010). Since it is well established that synaptic activation restrains 
AMPAR lateral diffusion from the synaptic sites (Heine et al., 2008; Petrini et al
., 2009; Man, 2011), LTP induction may promote CP-AMPARs attachment into 
PSD regions. 
Although not much is known regarding the properties of CP-AMPARs 
as in its trafficking, surface stability and regulation, the status of GluA1 Ser845 
phosphorylation appears to be a critical factor. GluA1 Ser845 is phosphorylated 
by PKA, which promotes CP-AMPARs trafficking into peri-synaptic region by 
the regulation of synaptic activity (Oh et al., 2006; Man, 2011; Lee, 2012). 
Furthermore, de-phosphorylation at Ser845 seems to cause internalization and 
subsequent degradation of CP-AMPARs (He et al., 2009).  
 
Purpose of the study 
In the present study we compared the requirements for LTP induction 
following various stimulus parameters. We here suggest that LTP is divided into 
two distinct forms depending on the role of PKA and protein synthesis, as LTP1 
and LTP2. Considering a minimum ITI required, we hypothesize that CP-
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Experimental Procedure 
Hippocampal slice preparation 
Transverse hippocampal slices (400 µm) were prepared from 10 - 12 
weeks Sprague-Dawley rats. Animals were anesthetized with isofluorane and 
sacrificed by decapitation. Brains were then removed and placed in ice-cold 
artificial cerebrospinal fluid (ACSF) which was aerated with 95% O2 and 5% 
CO2. The ACSF comprised of the following: 124 mM NaCl, 3 mM KCl, 26 mM 
NaHCO3, 1.25 mM NaH2PO4, 10 mM MgSO4, 10 mM glucose, and 1 mM 
CaCl2. The hippocampus was removed from the brain and sliced using VT 1000 
slicer, whilst maintained in the cold ice solution (Leica Ltd., Germany). The 
CA3 region of the hippocampal slices was removed to minimize excitability, 
and they were transferred to ACSF containing 2 mM MgSO4 and 2 mM CaCl2. 
Slices were allowed to recover at 32 °C for 30 min, and then maintained at 26 - 
28 °C before recordings were made. 
 
Slice electrophysiology 
The extracellular recording was performed in an interface chamber 
(Campden Instrument Ltd., UK) maintained at 32 °C, and continuously 
perfused at 2 ml/min with ACSF containing 124 mM NaCl, 3 mM KCl, 26 mM 
NaHCO3, 1.25 mM NaH2PO4, 2 mM MgSO4, 10 mM glucose, and 2 mM 
CaCl2; the solution aerated as above. Standard extracellular recordings were 
performed in the CA1 region of hippocampal slices to measure the slope of 
evoked field excitatory postsynaptic potentials (fEPSPs). Responses were 
obtained using an Axopatch 200B amplifier (Molecular devices, CA) and 
digitized with a Digidata 1322A A/D board at a sampling rate of 10 kHz. 
Recordings were monitored and analyzed using WinLTP (Anderson and Colling
ridge, 2007). Each experiment was conducted on separate slices, so n-value 
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Synaptic plasticity 
Bipolar stimulating electrodes were placed in the stratum radiatum of 
the CA1 region, and the baseline responses were set at 5 - 20 µA (0.1 ms pulse 
width) to obtain approximately 40% of the maximum fEPSP response (Fig. 1). 
Following a stable baseline period of at least 20 min, LTP was induced using 
high frequency stimulation (HFS) or theta burst stimulation (TBS); for strong 
LTP, HFS or TBS was given three times separated by 10 sec, 10 min, or 20 min 
intervals (Fig. 1). In order to check non-specific drug effect and the overall slice 
condition, two independent neuronal pathways were stimulated alternatively in 
the separate region of Schaffer collateral pathways at a frequency of 0.033 Hz 
of each.  
 
Drugs 
Drugs were prepared as frozen stock solutions (stored below -20 °C), 
and dissolved into ACSF at least 20 min before the bath application. 
Compounds used are: D-AP5 (50 µM, Tocris), KT 5720 (1 µM, Tocris), Rp-
cAMPS (100 µM, Tocris), anisomycin (20 µM, Tocris), cycloheximide (60 µM, 
Tocris), IEM 1460 (30 µM, Tocris), and philanthotoxin 433 (5 - 10 µM, Sigma).  
 
Statistical analysis 
All experimental procedure was performed in an interleaved manner 
between test and control group. Data are presented as mean ± SEM and 
statistical significance was determined using Student’s t-test; the level of 
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Results 
Induction protocols determine the role of PKA and protein 
synthesis in HFS- induced LTP 
It is well established that the later phase of LTP is mediated by PKA- 
dependent mechanism via new protein synthesis. However, there are conflicting 
evidences suggesting that long-lasting LTP could be independent of PKA and 
that LTP induction protocols determine the role of this molecule (Woo et al., 20
03; Kim et al., 2010). In another study, even a single tetanus was sufficient to 
induce long-lasting LTP, and also it was insensitive to PKA inhibition (Bortolott
o and Collingridge, 2000). Therefore, we directly tested the role of PKA and 
protein synthesis using various LTP induction protocols, including compressed- 
and spaced- HFS.  
In the CA1 region of hippocampal slices, spaced- 3 HFS produced a 
stable and long-lasting potentiation of fEPSP that persisted until the end of 
experiments (Fig. 2A). The slope of fEPSP measured 2 hr after LTP induction 
was 175 ± 12% of baseline (n = 5). Under this induction protocol, we tried to 
confirm protein synthesis- and PKA- dependency of LTP. In agreement with the 
previous reports (Huang and Kandel, 1994; Huang et al., 1996; Mayford et al., 2
012), either KT 5720 (1 µM) or anisomycin (20 µM) application during the 
spaced- LTP induction substantially prevented LTP, such that it declined to 127 
± 8% (Fig. 3A, n = 5) and 124 ± 9% (Fig. 4A, n = 5) of baseline, respectively. 
More interestingly, KT 5720 and anisomycin seemed to be effective from the 
beginning of the LTP induction as well as later phase of it. Furthermore, the 
analysis of response during LTP stimuli revealed these drugs were not as 
effective on synaptic potentiation from the very first HFS, compared to the 
subsequent trains.  
In turn, we tested whether a single HFS- induced LTP depends on PKA 
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LTP that remained as long as recordings were maintained (typically until 2 hr 
post induction) (Fig. 2B, 126 ± 7% of baseline, n = 5). Moreover, this form of 
LTP was resistant to KT 5720 (Fig. 3B, 128 ± 6% of baseline, n = 4) and 
anisomycin (Fig. 4B, 128 ± 7% of baseline, n = 5).  
As aforementioned, there have been several reports showing long-
lasting LTP can be independent of PKA following LTP induction protocols, and 
that inter-train interval is a crucial factor for determining the properties of LTP. 
In accordance with these results, giving compressed- 3 HFS made a stable LTP 
(Fig. 2C, 147 ± 4% of baseline, n = 6), which was not antagonized by KT 5720 
(Fig. 3C, 136 ± 12%, n = 7) or anisomycin (Fig. 4C, 135 ± 10% of baseline, n = 
7), and sustained for at least 5 hr post induction. In summary, it appears that 
LTP induction protocols determine the role of PKA and protein synthesis, at 
least under HFS condition (Fig. 5).  
The above results indicate long-lasting LTP may exist as two 
mechanistically discrete forms in the criteria of PKA- and protein synthesis- 
dependency. As we proposed in the introduction, we named PKA- and protein 
synthesis- independent LTP as LTP1, and PKA- and protein synthesis- 
dependent one as LTP2 (Fig. 12). As an extension of this concept, we consider 
LTP induced by spaced- multiple tetani is the mixture form of LTP1 and LTP2. 
Furthermore, we assume LTP induced by either a single tetanus or compressed- 
multiple tetani is solely comprised of LTP1, thus it is not influenced by PKA 
and protein synthesis inhibitors. For the remainder of this thesis, we will use the 
terminology of LTP1 and LTP2 to differentiate these two components. 
 
LTP induced by spaced- and compressed- 3 TBS, and its 
NMDAR- dependency 
We tried to confirm the stimulus parameter- dependent mechanism 
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more physiologically relevant stimulus, mimicking theta-oscillation (Larson and 
Lynch, 1986). We reproduced the same effect of KT 5720 on LTP with spaced- 
3 TBS (ITI 10 min, data not shown). We next extended the inter-train interval 
into 20 min to more securely differentiate LTP1 and LTP2, using the 
pharmacological approach. The interval of 20 min should be enough time for 
drugs to affect LTP2 alone, when these solutions are applied right after the first 
episode of 3 TBS. As a first step, we generated LTP with spaced- 3 TBS at ITI 
20 min (Fig. 6A, 161 ± 3% of baseline, n = 9) and compressed- 3 TBS at ITI 10 
sec (Fig. 6B, 160 ± 8% of baseline, n = 7), which were comparable to those 
induced by HFS protocols.  
To check the NMDAR- dependency in LTP1 and LTP2, we applied the 
NMDAR antagonist, D-AP5 (50 µM) during LTP inductions; as a result, both 
LTP1 and LTP2 were completely blocked (Fig. 7, 110 ± 6% of baseline, n = 5). 
The above results suggest that spaced- 3 TBS (ITI 20 min) can reliably induce 
LTP, and both LTP1 and LTP2 are NMDAR- dependent. 
 
PKA inhibitors are effective when applied after the first TBS 
To assess our hypothesis that LTP2, but not LTP1, depends on PKA, we 
utilized two distinct PKA inhibitors, KT 5720 (1 µM) and Rp-cAMPS (100 
µM). When we applied KT 5720 during LTP inductions, the level of 
potentiation was diminished going back towards the basal level of fEPSP (Fig. 
8A, 124 ± 7% of baseline, n = 4). Furthermore, we identified that KT 5720 
applied after the first TBS was sufficient to inhibit the expression of LTP, 
making it comparable level when applied during the whole three episodes of 
TBS (Fig. 8B, 118 ± 5% of baseline, n = 5). To rule out a non-specific effect of 
KT 5720, we made use of another PKA inhibitor, Rp-cAMPS. Similarly, Rp-
cAMPS after the first TBS prevented LTP expression (Fig. 8D, 105 ± 8% of 
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Finally, we identified that LTP induced by compressed- 3 TBS is 
independent of PKA as it is insensitive to KT 5720 (Fig. 8C, 159 ± 9% of 
baseline, n = 5); which indicates LTP2, but not LTP1, requires PKA. 
 
Protein synthesis inhibitors are effective when applied after 
the first TBS 
As mentioned above, it is well established that L-LTP is maintained by 
protein synthesis, via PKA and CREB activation. As an in-depth inspection of 
the underlying mechanism of LTP2, we hypothesized that LTP2 would depend 
on protein synthesis, as well as PKA. To assess the role of protein synthesis in 
LTP, we used the same approach as when we tested the involvement of PKA, 
taking advantage of two discrete protein synthesis inhibitors, anisomycin (20 
µM) and cycloheximide (60 µM). Conforming to our expectation, both 
anisomycin (9A, 122 ± 6% of baseline, n = 5) and cycloheximide (data not 
shown) inhibited LTP, when applied during LTP induction. Furthermore, 
cycloheximide after the first TBS was sufficient to prevent the expression of 
LTP (Fig. 9B, 121 ± 14% of baseline, n = 4).  
Moreover, we found LTP induced by compressed- 3 TBS is independent 
of protein synthesis, using anisomycin (Fig. 9C, 166 ± 12% of baseline, n = 5) 
and cycloheximide (Fig. 9D, 155 ± 9% of baseline, n = 6). These results suggest 
that LTP2, but not LTP1, may employ a PKA- and protein synthesis- dependent 
mechanism. 
 
CP-AMPARs act as a mediator between LTP1 and LTP2 
This far we found that LTP2, but not LTP1, relies on PKA and protein 
synthesis. Although we used the same stimulus (i.e. HFS or TBS) for either 
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Naturally, we tried to find out the mediator, satisfying the following criteria: it 
should begin to show up after the first episode of LTP induction, making the 
second and third ones able to trigger protein synthesis, though induced by the 
same type of stimulus. One of the best candidates is CP-AMPARs, which are 
inserted into the extra-synaptic site by the regulation of PKA and subsequently 
located into the post-synaptic density (Oh et al., 2006; He et al., 2009; Man, 201
1). If we include a factor of CP-AMPAR, we are able to modify our hypothesis 
such that LTP1 induction promotes PKA activity, which causes CP-AMPAR to 
be trafficked to the postsynaptic membrane. In turn, LTP2 is induced by the 
synergistic effect of NMDARs and CP-AMPARs, allowing protein synthesis via 
enhanced Ca2+ influx. (Fig. 12)  
To probe this hypothesis, we used the same approach as when we had 
tested PKA- and protein synthesis- dependency, using two distinct CP-AMPAR 
blockers, IEM 1460 (30 µM) and philanthotoxin 433 (5 - 10 µM). In agreement 
with our speculation, IEM 1460 treatment prevented LTP induction, such that 
synaptic responses returned to near the basal level. (Fig. 10A, 115 ± 10% of 
baseline, n = 4) Furthermore, either IEM 1460 (Fig. 10B, 115 ± 7% of baseline, 
n = 5) or philanthotoxin 433 (Fig. 10D, 132 ± 6% of baseline, n = 8) after the 
first episode of TBS, was sufficient to prevent LTP expression. Lastly, we 
observed LTP induced by compressed- 3 TBS is independent of CP-AMPAR, 
using IEM 1460 (Fig. 10C, 150 ± 11% of baseline, n = 6).  
In conclusion, we found the temporal sensitivity of LTP induction 














Figure 1. Slice field recording and LTP induction protocols. Conventional 
field recordings were conducted on the CA1 region of hippocampal slices, using 





















Figure 2. HFS- induced LTP with various stimulus parameters. LTP was 
induced by spaced- 3 HFS (ITI 10 min, A), single HFS (B), and compressed- 3 
HFS (ITI 10 sec, C). In this and subsequent figures, representative traces are 
superimposed for baseline (light trace) and LTP (thick trace) at time points 
indicated by a and b. Calibration is 1 mV and 20 ms; HFS is marked as blue 
arrow. 
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Figure 3. Stimulus parameters determine the role of PKA. Same	  stimulus	  
parameters	  were	  used	  as	  in	  Figure	  2.	  The	  test	  and	  control	  data	  are	  shown	  
in	   red	   (filled	   and	  open	   circles,	   respectively)	   for	  KT	  5720	   (KT)	   group.	  The	  











































































Figure 4. Stimulus parameters determine the role of protein synthesis. Data 
plotted as in Figure 3, showing the effects of anisomycin (Ani).  
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Figure 5. Summary of HFS experiments. LTP induced by spaced- 3 HFS (A), 
but not by single (B) or compressed- HFS (C), is sensitive to KT 5720 (KT) and 
Anisomycin (Ani). Gray circles indicate the amount of LTP at the end of each 



















































Figure 6. TBS- induced LTP with various stimulus parameters. LTP was 
induced by spaced- 3 TBS (ITI 20 min, A) and compressed- 3 TBS (ITI 10 sec, 





















































Figure 7. TBS- induced LTP depends on NMDA receptors. Same	  stimulus	  
parameters	  were	  used	  as	  in	  Figure	  6.	  The	  test	  and	  control	  data	  are	  shown	  
in	   light	  blue	   (filled	  and	  open	  circles,	   respectively)	   for	  D-­‐AP5	  (AP5)	  group.	  





























































































Figure 8. Stimulus parameters determine the role of PKA. Data plotted as in 






































































































Figure 9. Stimulus parameters determine the role of protein synthesis. Data 
plotted as in Figure 8 showing the effects of anisomycin (Ani, A and B) and 






























































































Figure 10. Stimulus parameters determine the role of CP-AMPARs. Data 
plotted as in Figure 9 showing the effects of IEM 1460 (IEM, A, B, and C) and 
























































Figure 11. Summary of TBS experiments. LTP induced by spaced- 3 TBS 
(A), but not by compressed- 3 TBS (B), was sensitive to PKA inhibitors (KT 
5720 and Rp-cAMPS), protein synthesis inhibitors (anisomycin and 
cycloheximide), and CP-AMPAR blockers (IEM 1460 and Philanthotoxin 433). 
Gray circles indicate the amount of LTP at the end of each experiments. ***p < 
0.01.  
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Figure 12. Hypothetical model for the mechanism of LTP. PKA, protein 
synthesis, and CP-AMPARs are required in LTP2, but not in LTP1. We 










Various LTP induction protocols have been used to study the properties 
of LTP. Among numerous characteristics, temporal spacing of multiple tetani 
has particularly attracted many scientists, because it conjures up our daily life of 
recurrent learning and memory (Wu et al., 2001; Scharf et al., 2002; Woo et al., 
2003; Kim et al., 2010; Zhang et al., 2011).  
Our present study suggests that stimulus parameters determine the role 
of PKA, protein synthesis, and CP-AMPARs in LTP at CA1 synapses in the rat 
hippocampus. In accordance with our results, previous studies showed that 
long-lasting LTP can be independent of PKA, as long as LTP is induced by 
multiple tetani in a short period of time (e.g. ITI 10 sec), but not if ITI is 
extended to 5 min (Woo et al., 2002; 2003; Kim et al., 2010). The cause of this 
effect was previously explained by the disparity of temporal sensitivity among 
different protein kinases and phosphatases (Nguyen and Woo, 2003; Abel and 
Nguyen, 2008; Kim et al., 2010). However, here we have demonstrated that this 
temporal sensitivity is due to a different mediator, CP-AMPAR. CP-AMPARs 
are inserted into the extra-synaptic site by the regulation of PKA and then 
laterally diffused into the post-synaptic density (Man, 2011). By incorporating 
CP-AMPARs, we made our hypothetical model of LTP1 and LTP2, where LTP1 
induction promotes CP-AMPAR trafficking into the synaptic sites; 
subsequently, LTP2 is induced by enhanced Ca2+ influx via NMDARs and CP-
AMPARs, initiating protein synthesis (Fig. 12).  
Perhaps the most intriguing question is why CP-AMPAR- mediated 
Ca2+ is crucial in synaptic plasticity, given that NMDAR- mediated Ca2+ has 
been firmly established as the key mediator. Since CP-AMPARs possess higher 
channel conductance than conventional AMPARs (Huang and Kandel, 1994; S
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postsynaptic depolarization, leading to an enhanced Ca2+ influx via NMDARs 
and voltage-gated Ca2+ channels. Furthermore, when combined with CP-
AMPARs, Ca2+ rises of different complexity can maximize PKA activity 
leading to a new protein synthesis. In another aspect, AMPAR- gated Ca2+ may 
take a distinct compartmentalization within synapses that enables it to activate a 
new set of signaling molecules. However, we believe much further effort is 
required to identify the role of CP-AMPARs in the underlying mechanisms of 
LTP. 
Moreover, it has been remained elusive whether PKA plays an essential 
role in LTP induction, which was the primary question at the beginning of 
present study. Previously, PKA activation through both genetic and 
pharmacological approaches lowered the threshold of LTP induction (Frey et al.
, 1993; Barad et al., 1998; Bailey et al., 2000; Barco et al., 2002; Navakkode et 
al., 2004). However, in other experimental conditions, LTP was not influenced 
by the PKA inhibition (Bortolotto and Collingridge, 2000; Woo et al., 2003; Ki
m et al., 2010). Moreover, we obtained evidence that rolipram, the cAMP 
phosphodiesterase inhibitor, intensifies LTP via a PKA- dependent mechanism; 
as the enhanced LTP was blocked by two distinct PKA inhibitors, KT 5720 and 
Rp-cAMPS (unpublished data). The prior explanation for this phenomenon was 
that PKA activation promotes preparation for long-lasting maintenance of LTP 
through the synthesis of plasticity-related peptides (PRPs) (Barad et al., 1998; B
ailey et al., 2000; Reymann and Frey, 2007; Benito and Barco, 2010). However, 
we believe the above description is not sufficient, considering our present data 
in which LTP induction protocols are crucial in the regulation of PKA and 
protein synthesis. By incorporating the factor of CP-AMPAR, we hypothesize 
that PKA activation by the genetic and/or pharmacological manipulation may 
promote trafficking of CP-AMPARs into synaptic sites, as LTP1; which may 
serve a preparation for the subsequent stimuli mediating LTP2.  
Lastly, our present results may be applied into ‘synaptic tagging and 
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powerful model to explain long-term maintenance of LTP, though lack of any 
specific ‘tag’ identified. Considering the eligibility of synaptic tag, which 
should be specifically and transiently formed at synapses by LTP induction, CP-
AMPAR is obviously comparable in its properties and functions (He et al., 2009
; Man, 2011). When CP-AMPARs are incorporated into synaptic tagging model, 
its properties and/or different compartmentalization can play a crucial role in 
the interaction with PRPs; in other words, ‘synaptic tag’ and ‘PRPs’ may be 
generated by LTP1 and LTP2, respectively. In that case, the meaning of 
temporal sensitivity of LTP induction may give a rise to the coordination of 
many different synapses within a specific time-window, suggesting the bigger 




















Chapter II.  
The mechanism of depotentiation at CA1 synapses 
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Introduction 
 The activity- dependent synaptic strengthening, long- term potentiation 
(LTP), has been widely studied to understand molecular basis of memory 
storage in the brain (Bliss and Collingridge, 1993). Although LTP is stable for 
its expression, it has been shown that LTP is vulnerable to disruption within a 
brief time-period; the phenomenon is often termed depotentiation (DP). The 
concept of DP originates in the work of Hesse and Teyler in 1976, where 
electroconvulsive seizures produced a drastic decrement in the magnitude of 
LTP (Hesse and Teyler, 1976). This observation suggested the possibility that 
synapses may possess counteracting mechanisms for the potentiation, adjusting 
the optimal synaptic strength. Soon after, it was identified that LTP could be 
reversed by repetitive electrical stimuli (1 Hz, 100 pulses), though the stimulus 
paradigm was not sufficient to depress intact synaptic responses (Barrionuevo et 
al., 1980). Afterward the properties and mechanisms of DP have attracted many 
scientists as a preventing mechanism for the saturation of memory capacity in 
our nervous system. However, DP is particularly unknown than other types of 
synaptic plasticity, and remained highly controversial on its properties and 
mechanisms.  
In terms of its cellular mechanism, several lines of evidence suggested 
that DP requires NMDA receptors in the CA1 region of hippocampus, where 
LFS- induced DP was blocked by the NMDAR antagonist, D-AP5 (Fujii et al., 
1991; O'Dell and Kandel, 1994). On the other hand, other studies showed D-
AP5 was unable to prevent the induction of DP (Bashir and Collingridge, 1994; 
Stäubli and Chun, 1996a). Despite the cause of these discrepancies remained 
unclear, there appears to exist two disparate forms of depotentiation depending 
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The explanation for the mechanism of NMDAR-DP is often described 
by the preferential activity of protein phosphatases (PP) against protein kinases, 
under the assumption that LTP is maintained by the phosphorylation regulation 
(Lisman et al., 2002; Collingridge et al., 2004; Mansuy and Shenolikar, 2006; S
hepherd and Huganir, 2007). This idea has been supported by the findings 
where the inhibition of protein phosphatase 1/2A (PP1/2A) prevented the 
induction of DP in both genetic and pharmacological approaches (Jouvenceau et 
al., 2003; 2006). Furthermore, the Ca2+-sensitive protein phosphatase, PP2B 
(also known as calcineurin), has been tested in relation with DP, since PP2B 
may mediate the Ca2+ signal (from NMDAR activation) into PP1/2A activity. In 
agreement with the prediction, the genetic study with PP2B Aα- lacking mice 
showed the impairment of LFS- induced DP (Zhuo et al., 1999). However, the 
precise role of PP2B in DP still remains undetermined, because of the 
inconsistent results from the pharmacological study (Lu et al., 1996; Jouvencea
u et al., 2003).  
 
Purpose of the study 
In the present study, we investigated the properties and mechanisms of 
DP in the CA1 region of hippocampus. As a result, we established reversible 
time points of LTP by 2 Hz LFS, and identified that DP requires NMDAR 
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Experimental Procedure 
Hippocampal slice preparation 
Transverse hippocampal slices (400 µm) were prepared from 10 - 12 
weeks Sprague-Dawley rats. Animals were anesthetized with isofluorane and 
sacrificed by decapitation. Brains were then removed and placed in ice-cold 
artificial cerebrospinal fluid (ACSF) which was aerated with 95% O2 and 5% 
CO2. The ACSF comprised of the following: 124 mM NaCl, 3 mM KCl, 26 mM 
NaHCO3, 1.25 mM NaH2PO4, 10 mM MgSO4, 10 mM glucose, and 1 mM 
CaCl2. The hippocampus was removed from the brain and sliced using VT 1000 
slicer, whilst maintained in the cold ice solution (Leica Ltd., Germany). The 
CA3 region of the hippocampal slices was removed to minimize excitability, 
and they were transferred to ACSF containing 2 mM MgSO4 and 2 mM CaCl2. 
Slices were allowed to recover at 32 °C for 30 min, and then maintained at 26 - 
28 °C before recordings were made. 
 
Slice electrophysiology 
The extracellular recording was performed in an interface chamber 
(Campden Instrument Ltd., UK) maintained at 32 °C, and continuously 
perfused at 2 ml/min with ACSF containing 124 mM NaCl, 3 mM KCl, 26 mM 
NaHCO3, 1.25 mM NaH2PO4, 2 mM MgSO4, 10 mM glucose, and 2 mM 
CaCl2; the solution aerated as above. Standard extracellular recordings were 
performed in the CA1 region of hippocampal slices to measure the slope of 
evoked field excitatory postsynaptic potentials (fEPSPs). Responses were 
obtained using an Axopatch 200B amplifier (Molecular devices, CA) and 
digitized with a Digidata 1322A A/D board at a sampling rate of 10 kHz. 
Recordings were monitored and analyzed using WinLTP (Anderson and Colling
ridge, 2007). Each experiment was conducted on separate slices, so n-value 
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Synaptic plasticity 
Bipolar stimulating electrodes were placed in the stratum radiatum of 
the CA1 region, and the baseline responses were set at 5 - 20 µA (0.1 ms pulse 
width) to obtain approximately 40% of the maximum fEPSP response (Fig. 13). 
Following a stable baseline period of at least 20 min, LTP and DP were induced 
using three trains of theta burst stimulation (TBS) at 10 sec of inter-train 
interval (ITI) and 2 Hz low frequency stimulation (LFS) for 10 min, 
respectively (Fig. 13). In order to check non-specific drug effect and the overall 
slice condition, two independent neuronal pathways were stimulated 
alternatively in the separate region of Schaffer collateral pathways at a 
frequency of 0.033 Hz of each.  
 
Drugs 
Drugs were prepared as frozen stock solutions (stored below -20 °C), 
and dissolved into ACSF at least 20 min before the bath application. 
Compounds used are: D-AP5 (50 µM, Tocris), LY 341495 (100 - 300 µM, 
Abcam), NVP-AAM 077 (100 nM, Bristol Univ.), UBP 145 (10 µM, Bristol 
Univ.), Ro 25-6981 (1 µM, Tocris), Calyculin A (100 nM, Tocris), and 
Cyclosporin A (50 µM, Tocris).  
 
Statistical analysis 
All experimental procedure was performed in an interleaved manner 
between test and control group. Depotentiation (%) was measured as 100 * [1 - 
{(LTP after LFS) – (baseline)}/{(LTP before LFS) – (baseline)}]. Data are 
presented as mean ± SEM and statistical significance was determined using 
Student’s t-test; the level of significance was set at *p < 0.05 and ***p < 0.01 
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Results 
There is a vulnerable time-period after LTP induction. 
To characterize depotentiation, we used extracellular slice recording as 
previous LTP experiments; a schematic method is shown in Figure 13. For the 
potentiation and de-potentiation induction, we used 3 trains of theta burst 
stimulation (TBS, ITI 10sec) and low frequency stimulation (LFS, 2 Hz for 10 
min), respectively. Despite it has been reported that LTP is vulnerable to 
disruption by LFS within a brief time-period after its induction (Arai et al., 199
0; Bashir and Collingridge, 1994; Stäubli and Chun, 1996b), this reversible 
property of LTP is not yet fully established. 
In control slices, 2 Hz LFS delivered to the Schaffer collateral to CA1 
synapses had no long-term effect on synaptic transmission. On average, the 
slope of fEPSP measured 30 min after the end of LFS was 95 ± 13% (n= 5) of 
baseline (Fig. 14A1). However, LFS applied 5 min after LTP induction caused 
an immediate depression of the potentiated synaptic response; this was followed 
by recovery toward the baseline within a few minutes with no further changes 
thereafter (Fig. 14A2, 84 ± 20% of baseline, n = 5). In turn, we varied time 
intervals between LTP and DP inductions in order to identify the reversible time 
points of LTP, such as 30, 70, 120 or 180 min. When LFS was applied 30 min 
and 70 min after LTP induction, the residual potentiation measured at the end of 
experiments were 117 ± 11% (n = 7) and 128 ± 6% (n = 4) of baseline, 
respectively. This result shows LTP is fairly well reversible within an hour or 
so. On the other hand, when LFS was delivered 120 or 180 min after LTP 
induction, the mean residual potentiation measured 30 min after LFS were 152 
± 17% (n = 5) and 173 ± 41% (n = 5) of baseline respectively, which was not 
significantly different from the LTP measured prior to LFS administration (each 
170 ± 21% and 168 ± 18% of baseline). Thus, above results generally 
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a brief time-window (Arai et al., 1990; Bashir and Collingridge, 1994; Stäubli a
nd Chun, 1996a). Furthermore, we conducted a quantitative analysis between 
the amount of DP and the time spent after LTP induction (Fig. 14F). 
For the further studies in this thesis, we investigated the mechanism of 
DP by giving LFS after 30 min of LTP induction (Fig. 14B), since this protocol 
effectively reverses LTP and makes enough time for drug application. 
 
Depotentiation depends on NMDA receptors containing 
GluN2A and/or GluN2B subtypes. 
In the beginning of study on DP mechanism, we approached with a 
simple question whether NMDAR and/or mGluR are required in DP. Despite a 
lot of effort has been devoted to answer this question, still it is not fully 
determined (Fujii et al., 1991; Bashir and Collingridge, 1994; Stäubli and Chun, 
1996a). With broad-spectrum NMDAR (D-AP5, 50 µM) and mGluR (LY 
341495, 100 - 300 µM) antagonists, we tested the role of these receptors in DP. 
As a result, we found DP was almost completely blocked by D-AP5 (Fig. 15A, 
n = 13, 155 ± 8% into 139 ± 9% of baseline), but not by LY 341495 (Fig. 15B, n 
= 11, 150 ± 7% into 106 ± 5% of baseline). These results indicate DP is 
mediated by NMDAR, but not by mGluR, in our experimental condition. 
Even though we identified DP requires NMDA receptors, which 
subtypes of NMDAR is critical in the regulation of DP is not yet determined. 
Thus, we used NMDAR subtype-selective blockers, NVP-AAM 077 (100 nM, 
GluN2A > GluN2B), UBP 145 (10 µM, GluN2A > GluN2B), and Ro 25-6981 
(GluN2B >>> GluN2A) (Volianskis et al., 2013). And we found that DP was 
suppressed by NVP-AAM 077 (Fig. 16A, n = 3, 169 ± 12% into 144 ± 14% of 
baseline), UBP 146 (Fig. 16B, n = 4, 157 ± 5% into 137 ± 8% of baseline), and 
Ro 25-6981 (Fig. 16C, n = 4, 176 ± 14% into 129 ± 10% of baseline). These 
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Protein phosphatases are required in depotentiation. 
Protein phosphatase 1/2A has been focused as a key factor to regulate 
long-term depression (LTD) and DP, via AMPA receptor de-phosphorylation (St
äubli and Chun, 1996a; Huang et al., 1999; Lee et al., 2000; Jouvenceau et al., 2
003). Moreover, PP1/2A is known to be activated by PP2B through NMDAR- 
dependent Ca2+ influx. Therefore, as a potential downstream mechanism 
following NMDAR activation, we tested the role of PP1/2A and PP2B in DP 
using calyculin A (PP1/2A inhibitor, 100 nM) and cyclosporin A (PP2B 
inhibitor, 50 µM). Conforming to our expectation, both calyculin A (Fig. 17A, n 
= 6, 183 ± 22% into 211 ± 34% of baseline) and cyclosporin A (Fig. 17B, n = 6, 
183 ± 10% into 192 ± 15% of baseline) completely prevented DP induction, 
indicating PP1/2A and PP2B are essential in the mechanism of DP. 
In conclusion, we tested and identified that DP is processed in a time- 
dependent manner (Fig. 14), and mediated by NMDAR (containing 




























Figure 13. Slice field recording and depotentiation induction protocols. 
Conventional field recordings were conducted on the CA1 region of 
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Figure 14. Depotentiation: the time- dependent reversal of LTP. 
Depotentiation induced by 2 Hz LFS after 5 (A2), 30 (B), 70 (C), 120 (D), and 
180 (E) min of LTP induction. Filled and open circles are in slice test and 
control pathways, respectively. The amount of depotentiation is reverse 
proportional to the time spent after LTP induction (F). In this and subsequent 
figures, representative traces are superimposed for baseline (light trace), LTP 
(thick trace), and depotentiation (dark trace) at time points indicated by a, b, 
and c from test pathways. Calibration is 1 mV and 20 ms; TBS and LFS are 
marked as arrow and bar, respectively. 
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Figure 15. Depotentiation depends on NMDAR, but not mGluR. Same 
stimulus parameters were used as in Figure 14B. Depotentiation was prevented 
































































Figure 16. Depotentiation requires both GluN2A and GluN2B subtypes. 
Depotentiation was suppressed by NVP-AAM 077 (100 nM, A), UBP 145 (10 
µM, B), and Ro 25-6981 (1 µM, C), each drug concentration is in the optimal 






















































































Figure 17. Protein phosphatases are required in depotentiation. 
Depotentiation was prevented by calyculin A (100 nM, A) and cyclosporin A 






















































Figure 18. Summary of depotentiation experiments. Depotentiation was 
inhibited by antagonists for NMDAR (D-AP5), NR2A (NVP-AAM 077), NR2B 
(UBP 145 or Ro 25-6981), PP1/2A (calyculin A), and PP2B (cyclosporin A). 





































Figure 19. Hypothetical model for the mechanism of depotentiation. 
Depotentiation requires NMDAR (GluN2A and GluN2B containing), PP1/2A, 
and PP2B. We hypothesize that NMDAR- dependent Ca2+ influx switches on 
PP1/2A via PP2B. Then, activated PP1/2A de-phosphorylates AMPAR, which is 












In the present study, we identified that LTP becomes progressively more 
resistant to disruption after its induction. Although the detailed mechanism of 
this property is not determined, synapses seem to be getting inflexible during 
the expression of LTP. Although this interesting feature still remains obscure, a 
possible explanation is that LTP induction solidifies synaptic actin filaments; 
thus the molecules responsible for DP become less applicable to their target 
proteins. The supporting evidence showed that LTP was disrupted by the 
integrin antagonist in a time-dependent manner (Stäubli et al., 1998; Chun et al., 
2001; Kramár et al., 2002). Furthermore, it was identified that LTP induction 
caused a rapid, long-lasting polymerization of actin filaments in dendritic 
spines, which was disrupted by LFS applied shortly after the synaptic 
potentiation (Kramár et al., 2006; Lynch et al., 2013).  
The mechanism of DP has been studied in far less detail, than those 
involved in other types of synaptic plasticity such as LTP and LTD. Here, we 
identified that the NMDAR subtype- selective blockers (NVP-AAM 077, UBP 
145, and Ro 25-6981) effectively antagonize the induction of DP. Though much 
things need to be studied, it seems that the NMDAR (GluN2A/B containing) 
activation is an essential trigger for the process of DP. Since NMDA receptors 
have the property to conduct Ca2+, we investigated the underlying mechanisms 
following Ca2+ -sensitive molecules. Furthermore, under the supposition that 
synaptic strength is maintained by the control of phosphorylation (Lisman et al., 
2002; Collingridge et al., 2004; Mansuy and Shenolikar, 2006; Shepherd and H
uganir, 2007), we tested the role of protein phosphatases in DP. In agreement 
with our expectation, either calyculin A or cyclosporin A prevented DP, 
suggesting that both PP1/2A and PP2B are required in the mechanism of DP. 
The simplest explanation to describe these findings is that Ca2+ influx through 
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inhibitory peptide, I-1. At this point, the activated PP1/2A de-phosphorylates 
the molecules that contribute to the stable expression of synaptic potentiation 
(Fig. 19).  
The next obvious question to be addressed is which substrates are 
involved in the PP1/2A- dependent process of DP. Although many different 
molecules (including ion channels, receptors, and transcriptions factors) are 
regulated by PP1/2A post LTP induction, the most primary target would be 
AMPA receptors. In fact, there is considerable evidence that CaMKII activity is 
necessary and sufficient for the induction of LTP (Pettit et al., 1994; Lisman et a
l., 2012); moreover, DP is known to be associated with a decrease of CaMKII 
phosphorylation site in AMPA receptors (Lee et al., 2000). For these reasons, 
we believe that one of the key mechanisms underlying depotentiation is 
mediated by the persistent de-phosphorylation of its substrates, such as CaMKII 
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국문초록  
쥐  해마  CA1 세포의  시냅스  가소성  
연구: LTP와  depotentiation 
 





 1949년, Donald Hebb은 뇌의 기억 형성 메커니즘에 대한 하나의 가
설을 발표하였다. 기억은 서로 다른 두 신경세포가 동시에 활성화 되었을 
경우, 세포 간의 신호 전달이 강하게 유지됨으로써 형성된다는 것이다. 그 
후 1973년, 쥐의 해마를 연구하던 중 Hebb의 가설에 부합되는 현상이 처음
으로 발견되었다 (Bliss and Lomo, 1973). Bliss와 Lomo는 고주파 전기 자극 
(high frequency stimulation, HFS)을 주었을 경우, 해마 시냅스의 신경 전달
이 지속적으로 강하게 유지되는 것을 확인하였으며, 이후 이 현상은 long-
term potentiation (LTP)이라고 명명되었다. 지속적인 연구를 통해, LTP에는 
특이성, 결합성, 협동성이라는 다양한 특성이 존재하는 것으로 밝혀졌으
며, 기억 저장의 훌륭한 세포학적 모델로 각광을 받았다 (Bliss and Collingri
dge, 1993; Collingridge et al., 2004; Neves et al., 2008). 발견 이후 40년이 지
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받아들여지고 있으며, 시냅스 가소성 연구의 중추적인 역할을 담당해 왔
다. 
 해마 CA1 세포에는 early LTP (E-LTP)와 late LTP (L-LTP)라는 두 가
지 형태의 LTP가 존재한다고 알려져 있다. E-LTP는 한 번의 HFS로  유도되
고 1 - 2시간 정도 유지되는 반면, L-LTP는 여러 번의 HFS에 의해 형성되며 
수십 시간에서 며칠, 심지어 몇 주까지 지속된다고 알려져 있다 (Huang et 
al., 1996; Reymann and Frey, 2007; Mayford et al., 2012). 이런 두 형태의 LTP
에 있어서, 가장 큰 메커니즘적 차이는 protein kinase A (PKA)와 protein 
synthesis 과정이 수반되는 지에 대한 유무이다; L-LTP와 달리, E-LTP는 
PKA와 protein synthesis 과정이 필요하지 않다고 알려져 있다 (Frey et al., 1
993; Huang and Kandel, 1994; Huang et al., 1996; Mayford et al., 2012). 하지
만, early 또는 late LTP라는 개념은 그 모호한 기준으로 인해 많은 논란이 
야기되었다. 몇몇 연구 결과에 따르면, 한 번의 HFS만으로도 지속적으로 
유지되는 LTP를 형성시킬 수 있으며, 심지어 이 LTP는 PKA 억제제에 의해
서도 영향을 받지 않는 것을 확인할 수 있었다 (Bortolotto and Collingridge, 
2000). 또한 LTP를 유도하는 여러 번의 HFS를 짧은 시간 간격으로 주었을 
경우에는, PKA 및 protein synthesis에 의존성이 없음을 유전적 또는 약리학
적 방법에 의해 확인된 바 있다 (Scharf et al., 2002; Nguyen and Woo, 2003; 
Woo et al., 2003; Kim et al., 2010; Zhang et al., 2011).  
 본 논문에서는 기존의 연구 결과와 새로이 발견한 내용을 토대로, 
LTP의 메커니즘을 설명하는 새로운 모델을 제시하였다 (fig. 12). 이 모델
에 따르면, LTP는 PKA와 protein synthesis에 대한 의존성이라는 기준에 따
라 크게 두 가지로 나뉜다; 여기서는 LTP1과 LTP2로 명명하여 구별하였다. 
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때 유도되며, PKA와 protein synthesis의 과정을 필요로 하지 않는다. 반면, 
LTP2는 몇 분의 시간 간격을 둔 여러 번의 전기 자극에 의해서 유도되며, 
PKA와 protein synthesis 과정이 수반된다. 나아가, LTP1과 LTP2를 구별짓
는 매개자로서, calcium-permeable AMPAR receptors (CP-AMPARs)를 시험
해 보았다. CP-AMPARs는 LTP가 유도된 후 일시적으로 발현되며, 시냅스 
내부의 분자적 매커니즘에 강한 영향을 줄 수 있는 것으로 알려져 있기 때
문이다 (Cull-Candy et al., 2006; Plant et al., 2006; Liu and Zukin, 2007; Guire 
et al., 2008; Man, 2011). 이 논문에서는 LTP1에 의해서 CP-AMPARs가 발현
되기 시작하며, LTP2가 유도되기 위해서는 CP-AMPARs가 필요하다는 것
을 확인하였다. 이에 대한 설명으로, CP-AMPARs와 NMDA receptors를 통
한 시냅스 내 강한 Ca2+ 유입이 LTP2 형성 조건을 만족시킬 수 있다고 판단
하였다. 
 이 가설을 검증하기 위해, 쥐의 해마 CA1 세포에서 전기생리학 실
험을 수행하였다. 약리학적 방법으로 접근하여 LTP 실험을 진행한 결과, 
우리의 LTP 모델과 일치하는 데이터를 얻을 수 있었다. 결론적으로, 본 논
문의 첫 번째 장에서는 LTP를 조절하는 분자적 메커니즘을 연구하였으며, 
전기 자극 조건에 따라 PKA, protein synthesis, 그리고 CP-AMPARs의 역할
이 달라진 다는 것을 확인하였다. 
 또한, long-term potentiation (LTP)의 가역성에 대해서 연구하였다 – 
이 현상은 종종 depotentiation (DP)으로 불린다. LTP가 유도된 지 짧은 시간
내에는 2 Hz와 같은 저주파 전기 자극 (low frequency stimulation, LFS)에 의
해서 LTP 발현이 억제된다고 보고된 바 있다. 그러나 아직까지, LTP 유도 
이후의 시간과 DP의 정도에 대한 상관관계를 체계적으로 비교한 연구는 
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있지 않다.  
 본 논문의 두 번째 장에서는, DP의 특성과 메커니즘에 중점을 두어 
연구하였다. 결과적으로, CA1 세포에서 DP의 정도와 LTP 유도 시간에 대
한 체계적인 관계를 구축하였고, LFS에 의해 유도된 DP은 NMDA 
receptors (GluN2A/GluN2B를 포함하는)와 protein phosphatases에 의해 매개
된다는 것을 확인하였다.   
 
핵심어 : 해마  SC-CA1 시냅스 , long-term potentiation, 전기  자극  조건 , 
PKA, protein synthesis, CP-AMPARs, depotentiation. 
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